that is activated and on the cellular model analysed. In addition, the duration of the stimulus can also affect the cellular response. A wide panel of different stimuli are capable to activate the MAPK pathways, but a good correlation has been found between the types of stimulus and the function assigned to the pathway. Schematically, ERK is preferentially activated by mitogens such as the serum or growth factors and, accordingly, this pathway is an important regulator of cell cycle and cell proliferation. p38 and JNK are more responsive to various stress stimuli from UV to cytokines and they have been involved in apoptosis and/or in the response to cellular stresses. Because they have been extensively studied (see for reviews [2] [3]), these general aspects will not be detailed in this review, except for their specific relevance towards adipogenesis.
3
Cells respond to extracellular signals by engaging a variety of intracellular signalling pathways, which trigger both immediate and long-term cell responses. While immediate responses involve mainly cytoplasmic events, long-term responses, by affecting gene expression, necessitate that cascades signal to the nucleus. The signalling pathways leading to activation of mitogen-activated protein kinases (MAPKs) represent a paradigm in cellular signalling research (see for an extensive review [1] ). These pathways have the capacities to engage upon their activation both specific and distinct cascades from the cell membrane to the nucleus leading to gene regulation and long-term responses. Most of the knowledge comes from the study of three groups of MAPKs: extracellular signal-regulated kinases (ERKs) 1 and 2; c-Jun amino-terminal kinases (JNKs) 1, 2 and 3; and p38 MAPK (p38) α, β, γ, and δ.
These kinases are serine/threonine kinases regulated by phosphorylation cascades organized in specific modules. All modules comprise two additional protein kinases activated in series and leading to activation of a specific MAP Kinase: a MAP Kinase Kinase (MAPKK), represented by MEK or MKK proteins, which phosphorylates a specific MAPK, and a MAP Kinase Kinase Kinase (MAPKKK), represented by Raf and MEKK proteins, which phosphorylates a specific MAPKK (Figure 1 ). The components of the different pathways upstream of MAPKKK are many and diverse but the best defined are the one used by the ERK pathway. Stimulation by appropriated ligands induces a signalling cascade linking membrane-associated tyrosine-kinase receptors to ERK proteins that implicates the Ras protein. The signalling from the membrane leading to activation of the p38 and JNK pathways is much less precisely defined and involves specific components such as Rac and cdc42 small GTPases. Besides the activities of the different components of the cascades themselves, there are two others important means to regulate specifically these signalling pathways: interfering with the scaffolding proteins and interfering with the MAPK phosphatases, specific for each pathway.
4
Taking advantage of the development of specific chemical inhibitors for each MAPK pathway, numerous works have studied their biological functions, showing their involvement in a wide variety of cellular functions. These multiple functions are depending on the pathway that is activated and on the cellular model analysed. In addition, the duration of the stimulus can also affect the cellular response. A wide panel of different stimuli are capable to activate the MAPK pathways, but a good correlation has been found between the types of stimulus and the function assigned to the pathway. Schematically, ERK is preferentially activated by mitogens such as the serum or growth factors and, accordingly, this pathway is an important regulator of cell cycle and cell proliferation. p38 and JNK are more responsive to various stress stimuli from UV to cytokines and they have been involved in apoptosis and/or in the response to cellular stresses. Because they have been extensively studied (see for reviews [2] [3]), these general aspects will not be detailed in this review, except for their specific relevance towards adipogenesis.
Regarding the process of differentiation, the role of MAPKs is extremely complex and depends on multiple parameters. The complexity is due, firstly, to the biological process itself, which, most of the time, involves different successive steps. Furthermore, each of these steps can be modulated by MAPKs leading, sometimes, to opposite effects. Probably because this complexity renders experimental models extremely sensitive, most of the tools used for 
The ERK pathway
Whereas apparent contradictory results were first related in 3T3-L1 preadipocyte cells, recent results lead to the conclusion that the function of ERK in adipogenesis is multiple, and finally, by assigning distinct biological functions to each ERK isoforms, the analysis of mice lacking ERK1 or ERK2 has added a supplementary degree of complexity.
The ERK pathway in adipogenesis: the model of preadipocyte cell lines
The first paper demonstrating a potential link between ERK and adipocyte differentiation was published in 1991 [4] . The authors showed that transfection of 3T3-L1 6 preadipocyte cells by an activated Ras expression vector led to growth arrest and terminal adipocyte differentiation. Since the oncogenic form of Ras protein is a strong activator of the ERK pathway, these results suggest a positive role for ERK in adipogenesis. More directly, using an oligonucleotide anti-sense strategy against ERK1 and 2, Sale and coworkers [5] demonstrated that the ERKs are required for differentiation of 3T3-L1 fibroblasts to adipocytes. This simple picture was then blurred by works demonstrating that the adipocytespecific transcription factor PPARγ is a substrate of ERK and that this phosphorylation decreases its transcriptional activity and inhibits adipocyte differentiation [6, 7] . Owing to the known role of ERK in cell proliferation, one could reconcile these contradictory results by hypothesizing that the function of ERK in adipogenesis has to be timely regulated: early on, ERK has to be turn on for a proliferative step, while latter on, it has to be shut-off to avoid PPARγ phospshorylation. This hypothesis is in agreement with the fact that the adipocyte differentiation process of 3T3-L1 requires, at the beginning, a precise proliferative step (called mitotic clonal expansion, MCE), which takes place post-confluency. MCE is initiated by adipogenic stimuli, such as insulin, which are known to activate the ERK pathway.
Furthermore, PPARγ expression is not detected during MCE, and progressively increases during terminal differentiation, when ERK activity is returned to a low level. The prediction of such model is that inhibition of the ERK pathway, precisely during the MCE, would block adipocyte differentiation. This has been verified by the work of Tang et al. [8] . The authors showed that the specific and potent MEK-inhibitor U0126, administered during the MCE, efficiently blocks both ERK activity and adipocyte differentiation. Noteworthy, in this work, they also showed that PD98059, another MEK inhibitor, is less efficient in blocking ERK and, consequently, differentiation is not affected. These results can explain why, in previous works, PD98059 did not affect adipocyte differentiation [9, 10] . Therefore, during MCE, a complete inhibition of ERK pathway seems to be required to see the effect on differentiation.
Other works found a positive role for ERK in adipocyte differentiation, either in 3T3-L1 cells 7 [11] or in other cellular models [12, 13] , showing, in addition, that ERK activity is necessary for the expression of the crucial adipogenic regulators C/EBPα, β and δ and PPARγ.
If ERK activation during the early proliferative step of differentiation is essential, the subsequent downregulation of this pathway seems also very important. This inhibition could be mediated by the modulation of two proteins: AEBP-1, which binds to ERK proteins and protects them from specific phosphatases, and the phosphatase MKP-1, which inactivates ERK proteins. Indeed, AEBP-1 expression is downregulated in mature adipocytes [14] , and, conversely, MKP-1 expression is augmented [15] .
The ERK pathway in adipogenesis: the model of Embryonic Stem cells
While the vast majority of studies have been performed in preadipocyte cell lines, the possibility to derive mature adipocytes directly from mouse Embryonic Stem (ES) cells has been described [16] . ES cells are pluripotent cells that differentiate into multiple cell lineages.
At the opposite of preadipocyte cell lines that allow investigation of the terminal differentiation only, ES cells to adipocytes recapitulate the whole adipogenesis, giving access to the early steps of adipocyte differentiation. Adipocyte differentiation of ES cells can be achieved after a three weeks period [16] including a critical early treatment with retinoic acid followed by the application of classical adipogenic inducers. Under these conditions large clusters of mature adipocytes are present in 70 to 80% of the embryoid bodies. Our laboratory has investigated the role of the ERK pathway during ES cell commitment into the adipocyte lineage [17] . We showed that retinoic acid activates the ERK pathway, and not the other MAPK pathways, in embryoid bodies during early events of adipocyte differentiation. Inhibition of ERK activation using PD98059 or U0126 during this period results in a strong inhibition of adipocyte formation. By contrast, neurogenesis and myogenesis is not affected by PD98059. Our results strongly suggest an essential and specific role for ERK pathway in the early proliferative stage of adipogenesis; thereby, extending the role of this pathway throughout adipogenesis. from insulin resistance and ERK activity is augmented in the adipose tissue of high fat diet fed wt animals, suggesting that ERK1 would be also implicated in insulin resistance. This is in agreement with data in humans where an increased ERK activity was observed in adipocytes of type 2 diabetes patients [22] . Altogether, our results clearly link ERK1 to the regulation of adipocyte differentiation, adiposity and high-fat diet induced obesity. This suggests that a therapeutic approach of obesity targeting specifically the ERK1 isoform and not ERK2 would be of particular interest.
Lessons from the ERK1 and ERK2 knockout mice

Molecular mechanisms linking the ERK pathway to adipogenesis
One important question is left open by these studies: what are the molecular mechanisms underlying these various effects? is it a common mechanism or is each effect due to a specific ERK target? No precise answer to these questions can be given today but interesting tracks can be followed. Important adipogenic determinants have already been described as ERK targets: for example, ERK phosphorylation of C/EBPβ activates its transcriptional activity [23, 24] and KO of this gene leads to defective adipocyte differentiation [25] . Therefore, C/EBPβ represents a target that could account for the ERK effect on both 3T3-L1 adipocyte differentiation and the phenotype of ERK1 -/-mice. However this hypothesis is contradictory to recent results showing that C/EBPβ is a preferential target of ERK2 and not ERK1 [26] . Further works are necessary to answer this question; for example, it would be interesting to investigate the effect of an in vivo gene replacement of wt C/EBPβ by a mutated C/EBPβ on the ERK phosphorylation site.
Regarding the increased insulin sensitivity displayed by ERK1 -/-mice, one interesting potential ERK target is the IRS1 (Insulin Receptor Substrate 1) protein, a downstream effector of the insulin receptor. Indeed IRS1 protein is phosphorylated by the ERK pathway and this serine phosphorylation exerts an inhibitory effect on the insulin signalling, contributing to the insulin resistance state associated to obesity (see [27] and Gual et al., in this series). Whether IRS1 is a specific target of ERK1 needs to be determined.
The p38MAPK pathway
As for the ERK pathway opposing roles are described for p38 in adipocyte differentiation. Most studies describing a role of p38MAPK were performed in 3T3-L1 preadipocyte cell lines and used pyridinyl imidazole inhibitors such as SB203580 to inhibit p38 activation. Engelman et al. were the first to describe a positive role for p38 in adipogenesis [28, 29] . They showed that addition of the p38 inhibitors early in 3T3-L1 differentiation decreased adipocyte formation. They attributed this inhibition to a decrease in C/EBPβ phosphorylation and its post-translational activation. Furthermore, they showed that overexpression of MKK6(Glu), a constitutively active form of MKK6 (upstream activator of p38), during 96 hours is sufficient to stimulate 3T3-L1 differentiation into adipocyte.
However, prolonged expression of MKK6(Glu) resulted in the death of the adipocytes,
showing that activation of p38 can have different effects depending on the stage of differentiation. More recently, Hata et al. [30] demonstrated that Bone Morphogenic Protein-2 (BMP-2) oriented pluripotent mesenchymal cell lines C3H10T1/2 into the adipocyte lineage through activation of p38. Using p38 chemical inhibitors the authors observed a decrease in BMP-2-induced adipocyte formation and associated this defect to a decrease in PPARγ transactivation activity. Other reports performed in 3T3-L1 with SB203580 confirmed that p38 activation is required for adipocyte differentiation in these cell lines [31] . Yet, in human preadipocytes treated with p38 inhibitors, only a moderate decrease in adipogenesis was observed [32] . Other reports show opposite results and demonstrate that p38 activity inhibits adipocyte differentiation. For example, Wang et al. showed that CHOP (GAD153), a dominant-negative regulator of C/EBP, is phosphorylated in vitro and in vivo by p38 on Ser78
and Ser81 [33] . Interestingly, overexpression of wt CHOP blocks adipogenic differentiation of 3T3-L1 [34] , whereas the non-phosphorylatable form of CHOP (CHOPAla 78, 81 ) is a poor inhibitor of adipogenesis. The authors conclude that CHOP phosphorylation by p38 is required for its full inhibitory effect, suggesting that p38 activity blocks adipocyte differentiation. A similar conclusion was made for the transcription factor NFATc4 (Nuclear factor of activated T cells) [35] , which is implicated in adipocyte differentiation [36] .
Dephosphorylation of NFAT promotes its nuclear localization. Once dephosphorylated and translocated into the nucleus, NFAT4c increases PPARγ expression and therefore promotes adipogenesis. Yang et al. showed that NFATc4 is phosphorylated by p38 and this phosphorylation inhibits adipose cell formation in NIH3T3. In order to have a clear picture of the implication of p38 in adipogenesis, studies should be performed in various cell models using not only inhibitors but also genetic approaches. Invalidation of p38 isoforms would be of great interest. Unfortunately, only the p38α -/-mice are available so far and the animals die in utero between day 11.5 and 12.5 [37] . The characterization and study of tissue-specific knock-out of the different p38 isoforms would certainly help to define the role of this pathway.
Type 2 diabetes is frequently associated with obesity and is characterized by insulin resistance. Several recent studies have shown that inhibition of p38 improves glucose transport in L6 and 3T3L1 [38, 39] . These results correlate with the study of Carlson et al. showing that p38 activity participates in a downregulation of GLUT4 expression and is significantly higher in isolated adipocytes from type-2 diabetes patients [22] . However, further studies are necessary to define the mechanisms involved with the activation of p38 and insulin-resistance, as well as the connection between p38 activation and regulation of GLUT4 expression. Genetically modified animals would also be of interest to study the role of this pathway in insulin-resistance.
The JNK pathway
Two recent papers showed that JNK1 and the scaffold protein JIP1 (JNK-interacting protein 1) are implicated in the development of obesity. The invalidation of JNK1, but not JNK2, leads to the resistance to high-fat diet induced obesity. Furthermore, ob/ob-JNK1 animals are also resistant to obesity [40] . Similarly, JIP1 deficiency provides partial resistance to obesity [41] . Serine phosphorylation of IRS-1 (Insulin receptor substrate 1) is known to participate in insulin resistance (see Gual et al., in this series, [27] ). In both studies, the absence of JNK1 and JIP1 lead to a better insulin sensitivity attributed to a reduced phosphorylation of IRS-1 on Ser307. Finally, if it is clear that the JNK pathway is involved in insulin signalling there is no evidence for a role of this pathway in adipocyte differentiation.
Conclusion
MAPK pathways are able to regulate adipogenesis at each steps of the process, from stem cells to adipocytes (the various effects are summarised in Figure 3) . While the ERK pathway is involved throughout adipogenesis, displaying both positive and negative effects, p38 and JNK seem to have more restricted potentials. Interestingly, some of these effects 12 overlap each other's: ERK and p38 are required during the MCE of preadipocytes and ERK1
and JNK1 KOs both lead to resistance to obesity and hypersensitivity to insulin. Whether these observations correspond to common or distinct molecular mechanisms need to be determined.
Because of the pleiotropic functions of MAPK pathways, the precise understanding of these mechanisms will certainly be crucial in order to develop potent and specific drugs against obesity modulating the MAPK pathways. Furthermore, targeting specific isoforms, for example ERK1 or JNK1, without affecting the others, seems to be a promising approach to avoid interference with other essential MAPK functions.
